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Introduction
We have studied GaAs-GaAlAs heterostructures with a spacer using hydrostatic pressures, high magnetic fields and time-dependent temperature variations. This allowed us to demonstrate the metastable character of Si-donor states and their influence on the inversion electrons in GaAs layer. The "normaln concentration in this sample, obtained at 77K without pressure, was equal to 5.4 x 1011 cm-2. Figure 1 shows a typical variation of the 2DEG density Ns when the sample is cooled down from 300K to 77K under different pressure values. The behaviour of Ns reflects that of the free electron density n in the Si doped GaAlAs layer. The decrease of Ns with increasing pressure P is due to an increase of the binding energy of the Si level in GaAlAs.
The decrease of Ns when the temperature T is lowered happens only above 120K, i.e in the temperature range in which the thermal activation of n is observed. Below this temperature Ns and n are practically constant. This behaviour is a consequence of the large lattice relaxation character of the Si level : when the energy barrier for electron capture cannot be overcome, the occupancy of the Si states cannot be modified even when their thermal activation energy is changed. Fig. 3 : 2DEG density Ns versus increasing temperature in GaAs/Ga0.65A10.35As at atmospheric pressure. Pm is the pressure at which the sample was cooled to obtain the initial metastable state. This picture is confirmed by experiments in which the pressure is varied at 77K. As shown in Fig. 2 , the variation of the pressure (at least in the range 0-1OKbar) does not change Ns, the latter depends only on the pressure value at which the sample has been cooled. Fig. 2 shows that it is possible to obtain for each pressure different values of N,. This possibility to obtain several stable states for one value of P and T means that the sample is out of thermodynamical equilibrium. It is then clear that the sample is in a metastable state at low temperatures. Using an appropriate gas-pressure cycle (cooling the sample from 300K to 77K at a given pressure and then changing the pressure to its final value) we can change the 2DEG density in the same sample at will.
In Figure 3 we report the variation of Ns at P -0 when the sample is heated from 77K to 240K. The three curves correspond to the three pressures at which the sample was cooled to 77K before releasing pressure to zero. The temperature was raised at a rate of about lK/mn. We observe that up to about 120K, Ns does not depend on T. The increase of Ns observed at 120K is due to time-dependent processes : at a constant temperature Ns increases with increasing time which reflects the lattice relaxation character of the Si donor level. The three curves join together at about 160K. Above this temperature Ns is not time dependent and has the same value as the one measured at room temperature under zero presure. The transition from the metastable conditions to the conditions of thermodynamical equilibrium is thus clearly pointed out : in the low temperature region (up to 120K) the time necessary to obtain the equilibrium betwen the conduction band and the deep Si states in GaAlAs is so long that the redistribution of electrons is metastable. In the range 120-160K this time is about the measurement time, which allows one to observe a relaxation of N, ; above 160K the equilibrium is reached immediately. As said previously, the observed metastable behaviour of the PDEG is a consequence of the large lattice relaxation character of the deep Si level in the Si doped GaAlAs layer. We can therefore imagine that similar experiments can be performed on bulk GaAlAs in order to demonstrate the metastable character of Si states. Unfortunately, the pressure effect on the band structure is similar to that of alloying GaAs with A1 and transport experiments under pressure on bulk
GaAlAs with x > 30% can involve difficulties similar to those occuring in the study of samples rich in A1 : the transport experiments do not give reliable results at temperatures lower than 100-150K [I] . This is a consequence of the decrease of mobility, related to the electron transfer into L or X minima of the conduction band. The magnetic freeze-out of the 2D electrons into magnetodonor states is observed in Ultra Quantum Limit (UQL), in which the inversion electrons occupy only the lowest Landau level. To reach the UQL with available magnetic fields requires low electron density Ns. AS explained in the first part of the paper, this is obtained by using hydrostatic pressure. The binding energy of magneto-donors has been determined f rorn the temperature dependence of Ns in the freeze-out regime, at different magnetic field values. The experimental values of In Figure 5 , we have reported the experimental activation in sample 3, measuredat the same pressure, for which N has been varied by changing the sample cooling speed. In this case one deals with tge same spacer thickness and Figure 5 shows that: Ea increases with decreasing Ns, or some other quantity related to it. Fig. 4 and Nde -6 x different surface densities NS 10" including screening. We have assumed that the envelope f(z) is the same for the free and bound 2D electron [ 3 ] . We calculated the influence of the donor potential on the motion in the z direction by using the first order perturbation theory. Fig. 6 , we plotted calculated binding energies of magneto-donors for GaAs-H with a spacer d -150 A', Nde -6 . 1 0~~ T -4.2K and different values of Ns. It appears clearly that at lower Ns the theoretical binding energy depends very strongly on surface density. This shows that the inclusion of screening is essential to reach an even rough agreement with the experimental values (sample 3 in Fig. 4 ) . In Fig. 7 , we show the calculated binding energies of magneto-donors for four values of d and Ns corresponding to the experimentally investigated samples. A comparison between these values and the data of Fig. 4 shows that, at high magnetic field i.e. away from the metalnonmetal transition,the theory describes quite well the experimental values. Conclusion : We have demonstrated the metastable character oE the 2DEG in G A S -H . The theoretical study we made of the magneto donor in GaAs with nor too wide spacer shows that the inclusion of screening of the Coulomb interaction between Si ions and the inversion electrons is absolutely necessary for the description of the observed binding energies of magneto-donors.
